pH, 
wanna Ba 
sestsse 


SVSLENT | che 
WEA we ay 


mavens 
eek eangabees 
Ipo nase, 


weet oactahacnum oe 
= 


6H bay 


retinas 


Seyen.> 
rerrrens y 


1 niet Seva 











Digitized by the Internet Archive 
In 2021 with funding from 
University of Alberta Libraries 


https://archive.org/details/Wright2005 








University of Alberta 


Library Release Form 
Name of Author: Robert W. Wright 
Title of Project: Effect of Heat Input and FCAW Wire Size on Charpy V-Notch 
Test Results 
Degree: Master of Engineering in Welding Engineering 


Year this Degree Granted: 2005 


Permission is hereby granted to the University of Alberta Library to reproduce single copies of 
this thesis and to lend or sell such copies for private, scholarly or scientific research purposes 
only. 


The author reserves all other publication and other rights in association with the copyright in the 
thesis, and except as herein before provided, neither the thesis nor any substantial portion thereof 
may be printed or otherwise reproduced in any material form whatsoever without the author's 
prior written permission. 





Signature 


10523 — 140 Street 
Edmonton, Alberta 
TSN 2M1 


ened ogieravielt ”” 













Hach .W feds — sodA 16 sme 


fapoll-V vowsl> no x14 nl W WAST bn nq teat ae or AD : oabe7 ho iT 
‘etieal si 


ac secliend palbie ni eniissttead to itebit 


GOS - shetanees) aye aitent — 


ae 


ii reno bore ey ce bearish my cag " j BYPR3 uf FL } at ‘Tl ‘wed gitte 4 baiting /daigt at vera 
euoniny deasves oto Ww visbidn bh iby Wi — wy otis Rees brit ni bas 








ie # 
= - =~ 
: ~ 
wt at Migryqoo oa ihrer foOrTe/vOeee mm inh Torr) bag nes) vortices Ww yo: Us eV VoeP1 4G palais ee 
vorerl dectiog loitnatadys Yee te aigutt oad sullian babi "9 etc od niatal ant praia Wot 
ee 
intuit ele ti, legiboser saburrartse 10 bale in 


ergs? oyittrary ti 


eo" yuR ad qoditw waver thi fod 


er a ee 


bo vw vy ae. é i 





wert? Del ~ C8207 
Sevlih: acibambel ; \y 
(Ma wee ; 





University of Alberta 


Effect of Heat Input and FCAW Wire Size on Charpy V-Notch Test Results 
by 


Robert W. Wright 


A project submitted to the Faculty of Chemical and Materials Engineering 
in partial fulfillment of the requirements for the degree of 


Master of Engineering 


Welding Engineering 


Department of Chemical and Materials Engineering 


Edmonton, Alberta 


Spring 2005 


sjlugso toa f dagai-V rey si. Yo ie ni WA ‘yj bine dager? ioot! air tegha ’ 
ign WwW tei 


4 elginsiett ban legit bo wide? set-ot beltiindad moor A 










“gimadlA lo eiesevialJ 


oTaob will) iol cine miksps ofl orem ledhieg a 


qardenign'] to 19% 


caiman githiaW 


girssnigitd weinaigh\ os lacined) to tiemreqed 


University of Alberta 


Faculty of Chemical & Materials Engineering 


The undersigned certify that they have read, and recommend to the Faculty of Chemical 
& Materials Engineering for acceptance, a project entitled Effect of Heat Input and 
FCAW Wire Size on Charpy V-Notch Test Results submitted by Robert W. Wright in 
partial fulfillment of the requirements for the degree of Master of Engineering in 
Welding Engineering. 


B.M. Patchett, P.Eng., Ph.D. 


shodiA to Wirrevini : 7 
onnssnions elsnsieM 8 lesiriedD jo yives4 
t 


ini al Of beeapnireoost beus Agel owert yor tall vitties borulersbapedl 
brs ‘vend tn6H iy ost budiiins Leys Sonaiqesot wl gabon aera 
mb dtiy ! retoR yd beitiniue sive eh ewov-V wore 3 ae ys ot WAT 
iy} Chrigrmasfo 4 wt Woody pereabtbiart Lertrag 


wits ewyfast yb oN 


- 
10 SE ett! 





Abstract 


It is well known that an increase in heat input results in a decrease in weld metal toughness for 
single pass welds in ferritic structural steels. The effect of multiple weld passes, however, creates 
a much more complex microstructural system in which the resulting toughness is not easy to 
predict when heat inputs vary. To assess such effects, the flux core arc welding process was used 
to deposit multipass welds at 3 different heat inputs. It is seen that increasing the heat input does 
not always have a detrimental effect on the Charpy V-notch toughness values of weld metal in 
multipass welds and that varying the electrode size results in different toughness values at the 
same heat input. These differences are due, in part, to notch location within the resulting 
microstructure and the amount of reaustenitized, annealed, and tempered weld metal created from 


depositing subsequent weld passes. 
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1.0 INTRODUCTION 


Since its inception, the state of are welding has evolved substantially. Understanding the 
fundamental characteristics of the welding arc, the manner in which the weld metal is transferred 
across the arc, and weld metal solidification has created a need for improved machinery and filler 
metal manufacturing methods to provide products in which weld metal deposition rate is 
increased and mechanical properties are optimized. Advances in materials science have allowed 
the designers of welding filler metals to more accurately predict the resulting weld metal 


properties from the alloying elements used and shielding medium specified. 


Despite these advances, many of the resulting weld metal properties are controlled by the welder 
and the parameters specified by the welding engineer to deposit the weld metal. Codes and 
standards have been created in an attempt to control the varying weld metal properties that can be 
produced. More specifically, these codes or standards specify testing requirements that must 
produce minimum values depending on the classification of the materials being joined. Certain 
welding parameters, as defined by the governing code or standard, must be controlled depending 
on the required mechanical properties. As the engineering community becomes more 
knowledgeable about the detrimental effects of varying properties, the testing requirements and 
quality assurance provisions are increasing. In the last few years, the requirement for Charpy V- 
notch impact testing has become more widespread as many failures seen in service can be 
accounted for due to a materials susceptibility to brittle failure. It is seen, however, that the 
reliance on the applicability of the information provided from the standard Charpy V-notch test is 


not always well placed. 


The following sections present many of the factors that contribute to the material toughness of a 
weldment as well as the theory behind crack growth and the information provided from the 
Charpy V-notch test. Testing has been performed on multipass welds created by the flux cored 
are welding process to create an engineering data base. The effects of heat input as well as filler 
metal diameter have been evaluated to determine their relationship to the toughness of a weld 


metal when tested with the Charpy V-notch test. 
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2.0 BACKGROUND INFORMATION 
2.1 Welding 


2.1.1 The Welding Arc 


Broadly stated, arc welding is the joining of metals by a fusion process involving an electrical 
discharge that is carried through a conducting plasma at high currents and low voltages. This can 
be accomplished by melting the existing base metals to form a solid bond between the two pieces 
or by adding filler metal where an electrode is melted and transferred across the arc and into the 
joint. The arc forms in a columnar pattern in which the gas is thermally ionized and the current is 
carried by the electrons and ions.' Using a direct current, electrode positive process, electrons are 
emitted from the cathode (the base metal) and accelerated by the arc voltage until they collide 
with the anode, thereby creating heat. The positive ions travel in the opposite direction and heat 
the base metal by striking it. The motion of the electrons, ions, and atoms is greatest at the 
central region of the plasma stream where it is the hottest and is reduced as the edge of the arc is 
approached.” Changing the shielding media can change the thermal gradient between the 
electrode and base metal and changing the arc length or in some cases adjusting the current 
available can also vary the heat distribution. The resulting weld. metal composition and 
mechanical properties are dependant on the reactions that occur within the welding arc and also in 


the weld pool. 


2.1.2 Welding Processes 


Industry is constantly searching for ways to speed up the time required to join metals including 
the speed of the actual welding process as well as an increase in the proportion of time that the 
welding arc is actually engaged. Shielded metal arc welding (SMAW) is one of the oldest 
methods of arc welding. It involves using a welding rod that is covered with a coating that 
provides shielding from the atmosphere when melted. While this process has many benefits, 
including ease of use and mobility, the actual time spent welding is decreased as the majority of 
SMAW electrodes in use are 14 inches long, requiring the welder to constantly spend time 
discarding the end of one electrode and preparing another for use. Because of this inefficiency, 
an improved process, gas metal arc welding (GMAW) was introduced and rapidly gained support 
from the welding industry. Since the weld properties are very dependant on the wire used, this 
process is still relatively expensive due to the number of different runs and different alloys that 


the electrode manufacturer must use to obtain the properties required. Submerged arc welding, 
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which also generally involves using a solid electrode also gained popularity due to the high arc- 
on-time and process efficiency. In this process a granular flux is used to provide shielding and 
can be interchanged to impart different properties in the weld metal. The problem with SAW is 
the inability to weld in positions other than flat and horizontal fillets as well as the large set-up 
time making it impractical to weld shorter joints with this process. Flux core arc welding, or 
“FCAW”, was the next process to gain in popularity allowing the electrode manufacturers to put 
fluxing agents inside of a wire sheath that is also able to be fed continuously thus increasing 
production. FCAW will be investigated in this paper specifically dealing with the effects of 


changing the wire size and heat input on the toughness of the weld metal. 


2.1.3 Flux Core Arc Welding 


As its name implies, flux-cored electrodes consist of a metal sheath with a fluxing agent 
contained in the core of the consumable. This fluxing agent aids in shielding the molten metal 
from detrimental atmospheric elements (primarily oxygen and nitrogen), contains alloying 
elements that improve the mechanical properties of the weldment, and helps create a stable arc. 
The manufacturing technique for this type of welding consumable involves forming a strip of 
metal into a “U” shape in order to receive the flux material and then closing the wire by running 
through a set of forming rolls. Technological advancements have allowed for precise 
measurements when adding the flux thus avoiding locations within the wire where insufficient 
amounts of flux may exist creating quality problems in the weld metal. The wire is then passed 
through a number of drawing dies that stretch the metal and progressively reduces it to the 
intended electrode diameter. Many manufacturers complete the fabrication process by baking the 
electrode to remove any detrimental contaminants that may have been picked up during 
fabrication and also to soften the wire allowing for easier feeding by the welding equipment. 

The flux-cored electrode is generally provided in 30 — 60 Ib rolls allowing for a continuous 
feeding of the consumable. This has been seen in industry to greatly increase the amount of time 
that a welder can spend actually welding. The equipment required for operation involves a 
constant voltage power source and a wire feeder. The wire used may be one in which a gas 
shielding must be applied (dual shield) or one that is considered a self-shielding electrode. In this 
paper, only the dual shielded process will be discussed. The welding parameters that are 
controlled through the equipment consist of the wire speed (current), the voltage, and the gas flow 
rate. Welding procedures are created in order to allow for the correct selection of welding 


parameters that will produce the mechanical properties required for the specific application. 
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Figure 1: Flux Core Arc Welding” 


The shielding gas used for FCAW is usually blended argon / carbon dioxide gas, or 100% carbon 
dioxide. The blended gases are more expensive as the amount of argon is increased but provide a 
smoother arc and a better bead appearance with no flux left on the weld to be cleaned off. The 
penetration of the Ar/CO, gas is narrower at the base and is not as deep as with 100% CO, 
shielding gas as can be seen in Figure 2. The shielding gas composition has a profound effect on 


the weld metal chemical composition and microstructure. This will be discussed later. 





CO, At/ CO, 


Figure 2: Penetration patterns based on shielding gas composition 


2.1.4 Welding Wire Properties 


Various specifications contain a classification system for identifying the typical properties that 
will result from using a specific electrode. AWS Specification A5.20, Carbon Steel Electrodes 
for Flux Cored Arc Welding and AWS AS.29, Specification for Low-Alloy Steel Electrodes for 
Flux Cored Arc Welding are internationally recognized specifications that use a letter-number 
designation for identifying mechanical properties, weld metal chemistry, and required welding 


conditions such as polarity, shielding gas, and welding positions. 
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Electrode 

Minimum tensile strength (in ksi / 10) 

Welding position - 0 (flat and horizontal), 1 (all positions) 

Tubular Electrode 

Chemical Composition (number 1-14) 

or G (external shielding, polarity, and impact properties are not specified) 
with or without an S (for single pass only) 

'M' indicates Ar/CO2 gas shielding 


M JHZ 
es Hydrogen designator 
Indicates a toughness of 20 ft.lbs (27Joules) CVN at -40F (-40C) 


Figure 3: AWS A5.20 Classification System? 
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- Electrode 

Minimum tensile strength (in ksi / 10) 

r Welding position - 0 (flat and horizontal), 1 (all positions) 
Tubular 


Electrode usability 
Chemical Composition 
An 'M' indicates Ar/CO2 gas shielding 


M JHZ 
ee Hydrogen designator 
Improved 27J CVN temperature 


Figure 4: AWS A5.29 Classification system® 




















F 


EXXTX - X 


2.1.5 Heat Input 


The heat input of welding has been well documented and is found to be a function of the current, 
voltage, and arc travel speed. While the energy transfer obtained from the following equation 
suggests that no heat is lost to the surroundings, the ability to effectively determine exactly how 
much of the energy is lost is difficult to determine and has, therefore, not been included in the 


standard heat input calculation.® 


x Volt 
iniipane= Current oltage 


Travel Speed 
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The resulting heat input is written in J/mm where the current is measured in amperes (A), voltage 
in volts (V), and travel speed in millimeters/second. Varying the heat input affects the maximum 
temperature reached and the cooling rate of the weld zone, which has a profound effect on the 
microstructure of the weld metal and heat affected zone. If the heat input is high, sufficient 
amounts of grain coarsening will be experienced both in the weld metal and heat affected zone. If 
the heat input is too low, fusion defects may occur and heat loss may be fast enough to effectively 
quench the weld metal creating a hard, brittle microstructure. To increase welding production 
companies maximize the heat input, allowing a faster rate of weld metal deposition, to a point 
where corresponding problems in the resulting weld zone are minimized. The size and type of 
electrode also has a limiting factor on the amount of current that can flow and increased diameters 
will commonly be used to allow for greater levels of weld metal deposition. Using larger 
diameter electrodes or solid electrodes versus tubular electrodes, however, do not always provide 


the productivity gains that are believed to occur. 


While it would seem probable that a solid wire used in gas metal arc welding should have higher 
deposition rates than that of the tubular wire used in flux cored arc welding, the opposite is 
proven true due to the current density of the electrode. If the same amount of current is used 
when welding with two different consumable configurations, the area in which the current is 
allowed to travel is the controlling factor in the melting rate of the electrode. As shown in Figure 
5, the area in which the current is able to flow is much greater for a solid electrode than it is for a 
tubular wire. This decrease in current density causes a reduction in the burn off rate of the 
electrode, thus decreasing the amount of weld metal deposited at the same heat input. This is also 
true when changing the size of electrode to be used for welding. If the current is kept the same, a 
smaller size wire will deposit more weld metal at the same heat input due to the smaller area in 
which the current flows. The limiting factor is the current carrying capacity that a specific 
welding electrode size can withstand. As the current density increases, the usability of the 
electrode will become much more dependant on the inter-relation between the different welding 
parameters. There will come a point where the electrode will not be able to handle further 
increases in current and the user will need to increase the area through which the current can 


flow, thus decreasing the current density. 
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A current = A total - 4 flux A current = A total 


Fig. 5: Current carrying area of a tubular wire vs. solid wire 


2.2 Metallurgy 


While the fundamentals of physical metallurgy are well defined for the relatively simplistic heat 
treatments used to manufacture steel, the act of welding, in which a large amount of heat is put 
into the joint in a very short time, is much more complex. Multipass welding increases this 
degree of complexity as the previous weld passes and previously affected base metal once again 


go through a metallurgical change. 


2.2.1 Weld Metal Solidification 


Due to the high energy input of welding, a thin layer of the base metal is melted but remains 
unmixed with the weld metal.’ The newly forming weld metal grains nucleate from the large 
grains contained in this unmixed zone and grow perpendicular to the fusion line into the center of 
the weld resulting in a columnar structure.* Evidence of this epitaxial growth is not always 
apparent due to the allotropic transformation that takes place in the fusion zone after 
solidification.’ The dendritic growth into the center of the weld is affected by the relationship of 
the cooling rate to the welding speed as can be seen by observing the direction of the lines on the 
weld surface and the shape of the weld pool. As this ratio decreases, the weld pool transforms 
from a circular shape to the shape of a teardrop and becomes increasingly elongated as the travel 


speed is increased. This is represented schematically in Figure 6. 


This shape change is caused by the temperature gradients that exist in the weld metal trailing the 
are and the speed in which the arc advances.’ Grain growth progresses from the fusion line of 
the weld joint and progresses parallel to the thermal gradient. As the arc moves further along the 


joint, the temperature gradients curve in behind so that they are always perpendicular to the weld 
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pool. If one were to only consider an unalloyed metal, growth into the center of the weld would 
occur only as a function of the removal of heat, whereas effects of adding alloying elements 
complicate the growth of the solid and the resulting crystalline structure is altered.*!° The 
prevailing growth mode is dependent on the stability of the solid / liquid interface and the 
solidification structures includes planar growth, cellular growth, or dendritic growth.*'° These 


different growth modes are related to the welding speed by Linnert and are shown schematically 


in Figure 6.” 
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Fig. 6: Schematic illustration showing effect of welding speed on dendritic growth’ 
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When the welding speed is slow the grains are able to form in the planar growth mode as the 
solid-liquid interface is able to advance into the liquid at a slower pace due to the slow cooling 
rate. As the speed increases, the cellular mode of growth becomes prevalent as the cooling rate of 
the weld pool is increased and competitive growth exists at the weld metal / base metal interface. 
At the higher rate of solidification the resulting cell structure will have higher levels of solute 
segregation and the advancing solid — liquid interface exists at an increasingly undercooled state 
where dendritic growth will become more prevalent thereby increasing the amount of elemental 
segregation. Due to the elongated shape of the weld pool, the dendritic growth will be near 
perpendicular to the weld centerline. Atomic segregation will tend to the tip of the dendrites as 
the elements with low melting points are pushed ahead of the solidification front.> Alloying 
elements are typically added to the filler metal to resist solidification cracking (hot cracking) 


along the weld centerline caused by atomic segregation. 


2.2.2 Solid State Transformations in the Weld Metal 


After the transformation from liquid to solid, allotropic transformation occurs in carbon and low 
alloy weld metals where the resulting microstructure is dependant on the cooling rate. Solid state 
phase transformation in steel is a very well understood metallurgical phenomenon when cooling 
is slow and the transformation rate considered to be in equilibrium as shown on phase diagrams. 
In welding, however, the thermal cycle is much more unpredictable as the cooling rate can be 
rapid and subsequent thermal cycles will occur when welding multiple passes. Basic 
understanding of the allotropic transformations that occur in iron provide a good background for 
the reactions in carbon-manganese and low alloy steel welds. In its liquid state, pure iron exists 
as a face-centered cubic (fcc) structure until solidification at 1530°C where it transforms into a 
body-centered cubic (bec) form called delta (6)-ferrite. At 1394°C, pure iron transforms back 
into its fec form, known as austenite or y-iron, until it reaches 912°C at which point it transforms 
back into bec and is known as alpha (a)-iron. The addition of carbon complicates the 
solidification behavior of iron as can be seen in a Fe-Fe3C phase diagram where four solid phases 
exist, a-ferrite, austenite, cementite (Fe3C), and 6-ferrite. For plain carbon steel the resulting 
product is primarily a function of the austenitic transformation. In slow cooling conditions the 
transformation of austenite in plain carbon steel with less than 0.8% C results in what is known as 
hypoeutectic steel. As the transformation process begins, grain boundary ferrite (proeutectoid 
ferrite) forms and the excess carbon is rejected into the remaining austenite. As the solubility of 


carbon decreases with decreasing temperature from 0.02% at 723°C to approximately 0.008% at 
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room temperature, cementite is formed from the excess carbon.’ The resulting microstructure is 


ferrite and pearlite (a mixture of a-ferrite and cementite). 


This transformation is not as simple for steel weldments as the cooling rate is much more rapid 
and the effects of microalloying elements as well as second phase particles must be considered. 
While the heating phase of the welding process is not generally considered to greatly affect the 
resulting microstructure, it does have some contribution as higher temperatures cause grain 
coarsening of the 6-ferrite which promotes large austenite grains on cooling.'' In addition, the 
heating rate in a weld is far removed from the equilibrium conditions assumed for phase 
diagrams, so that dissolution of pearlite and other precipitated phases is incomplete. A high heat 
input will reduce the cooling rate, thus allowing the weld metal to approach the equilibrium 
transformation product. This is not considered beneficial, as a product of primarily a-ferrite does 
not exhibit good strength or impact toughness. Controlling the cooling rate through heat input 
can allow vast improvements in the mechanical properties. Figure 7 shows the various 


microstructure formations that may be created by varying the cooling rate. 


Cooling 


Allotriomorphie 
r ferrite 


Temperature-——_»- 


Peartite 


— Acicular 
ferrite 


End of transformation 


Martensite 





FINE ere 


Figure 7: Schematic of weld CCT diagram showing selected microstructures!’ 
The cooling rate is generally referred to as At g.5 (°C/second), which is the time it takes for the 


weld metal to cool from 800°C to 500°C. This is a direct function of the heat input and the ability 


of the base metal being welded to remove the heat supplied by the welding arc. If the cooling rate 
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is too rapid a bainitic or martinsitic microstructure will result, producing a very strong, hard 
microstructure with poor toughness. As the cooling rate slows, proeutectoid ferrite 
(allotriomorphic ferrite) is the first to form on the austenite grain boundaries. Ferrite with a 
Widmanstatten orientation, also known as ferrite side plates, will then nucleate from grain 
boundary ferrite allotriomorphs along certain crystallographic planes until the grain boundary 
sites are saturated.'* When the inclusion content is controlled, acicular ferrite may nucleate at 
these sites greatly improving the toughness of the weld metal. Studies have found that careful 
control of the carbon and manganese amounts can produce acicular ferrite levels up to 70% by 
reducing the volume of proeutectoid ferrite.'* Acicular ferrite is a fine grained intermediate 
transformation temperature product that nucleates on inclusions within the austenite grains where 
ferrite plates radiate in specific directions from the inclusion.'!° This random orientation provides 
for improved toughness as a propagating crack has a high probability of running into a ferrite 
plate at a high angle of intersection likely causing the advancing crack to arrest. Carbon- 
manganese weld metal deposits may also show a variation of another microstructure constituent, 
ferrite with secondary phases (aligned or non-aligned). Ferrite aligned with secondary phases 
nucleates at the austenite grain boundaries and grows into the austenite grain where as ferrite with 
non-aligned secondary phases grows as many small grains with a high aspect ratio.” Small 
amounts of austenite and/or martensite can be retained between the ferrite laths, adversely 


affecting the toughness. 


2.2.3 Alloying Elements 


One of the major advantages of flux core welding wire over that of gas metal arc welding is the 
ability to add alloying elements to the flux in addition to changing the actual metal composition 
of the welding wire sheath. Specific alloying elements can have a significant influence on arc 
stability, bead wetting characteristics, weld defects, as well as changing the mechanical 
properties. Due to the many different influences that alloying elements can have, the various 


weld metal classifications impose chemical composition requirements to the filler metal. 
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*If not intentionally added, these amounts do not need to be reported. 


Table 1: AWS AS5.20-95 weld metal chemical composition requirements in maximum weight 
percent for multipass welds made with an EXT-1(M), E7XT-5(M) and E7XT-9(My° 
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While carbon additions in weld metal produce a large increase in strength, they also 
greatly increase the hardness of a metal and reduce toughness. The effect of carbon to 
produce a hard microstructure, however, can be mitigated by controlling the cooling rate 
of the weld metal by either increasing the heat input and/or by preheating. Alloying 
elements, such as manganese, silicon, chromium, molybdenum, and vanadium, can also 
have an effect on the hardness of the weld metal or heat affected zone by influencing the 
hardenability of the steel. In order to quantify this effect, a carbon equivalent equation 
was created to show the effects of carbon and other alloying elements on the 
hardenability of steel. While many different forms of the equation exists, carbon- 
manganese and low alloy weld metal follow have shown a good correlation between 
hardenability and alloy content when using the International Institute of Welding, ITW, 


equation where, 


CE =%C+ %Mn + %Si fa %Cr + %Mo + %V oi %Cu + %Ni 
5 15 

As the carbon equivalent increases, the nose of the CCT diagram, such as that shown in Figure 7, 
will shift to the right and there will be a greater possibility that martensite, a hard brittle 
microstructure, will form. The alloying elements in the carbon equivalent equation are 
considered to be austenite stabilizers thus reducing the transformation temperature from austenite 
to ferrite. If the alloying elements and cooling rate are controlled, however, the transformation 
temperature may not be reduced enough to allow martensite to form. As stated previously, the 
desired microstructure is primarily acicular ferrite that with limited amounts of ferrite. If the nose 
of the CCT diagram is too far to the left, ferrite will be the primary microstructure which will 
reduce the toughness of the weld metal. The austenite stabilizers in controlled amounts slightly 
shift the nose to the left and acicular ferrite can form with a controlled cooling rate, either by the 
natural quenching effect of the base metal or by introducing preheat. These alloying elements 
also have other beneficial properties in controlled amounts. Manganese is primarily used as a 
deoxidizer and desulphurizer in the weld pool. Evans has also found that manganese provides a 
nucleation site for acicular ferrite in amounts up to 1.8% and has an optimal effect on weld metal 
toughness at 1.5%.'° It has been seen that the effect of manganese on improving the weld metal 
toughness is decreased at higher welding currents and cooling times where Atg.s is greater than 20 


17,18 


seconds. Silicon, while also providing a site for acicular ferrite nucleation, has not been found 


effective enough to offset its ability to increase the strength of weld metal and suppress the 
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austenite transformation temperature.'? Nickel has been found to increase the strength of the 
weld metal and provide a large increase in weld metal toughness. Additions of nickel in amounts 
as low as 1%, however, will also decrease the operator appeal of the welding electrode as the 
weld pool is more difficult to control. In significant amounts, nickel has also been found to 
increase susceptibility to hot cracking due to nickel’s tendency to increase the segregation of 


sulphur during solidification.’ 


2.2.4 Effect of Shielding Gas 


Weld metal chemistry can be significantly influenced by the gas-metal reaction occurring during 
the welding process. These reactions are influenced by the temperature and therefore vary with 
location within the arc and with the heat input.”’ Flux core are welding of plain-carbon or low- 
alloy steel uses gas shielding primarily consisting of 100% CO , but can also use an Ar/CO, 
mixed gas varying in amounts of argon from 75% to 95%. Changing the gas composition alters 
the configuration of the are plasma. As the amount of argon is increased, the ionization potential 
is also decreased and the thermal conductivity is decreased. The oxidation potential of the arc 
decreases with the amount of argon in the plasma.” Decreasing the ionization potential allows 
for a lower voltage at the same current, thus reducing the heat input. Lowering the thermal 
conductivity creates an arc in which the heat is more intense at the center resulting in a more 
finger-like penetration profile where the fusion area is narrower at the base.” When the product 
is classified and tested to AWS A5.20 or AS5.29, the electrode manufacturer will list the intended 
shielding gas or give the user a choice of options that will have an influence on operator appeal, 
arc stability, weld bead appearance, and cost. Many studies have been undertaken to determine 


20-25 In addition to changing 


the effect of shielding gas composition on flux cored arc welding. 
the welding characteristics, argon has been seen to have a profound effect on the resulting 


mechanical properties of the weld metal. 


CQ, is an active shielding gas component that will react in the arc and break down to the 


following: 


CO, => CO+ 0, 


The amount of oxygen available from the breakdown of CO) increases with an increase in heat 


input thereby raising the oxidizing potential of the arc.” While some of this oxygen will remain 


13 





















ol 
opt to toiste will sapere Ol brio) wuad end ied 2 TuseVaGiie Matera otinataue / 
ainwey ion le aaoinoos am Lith LL 0 . Lerertt tals ner SAITO regret bs oi von bust ators thaws 
uf yogi gables otf To lesqex coheego i cauowil ocala fiw aaveved) we ae wrod ae 

ddl Qeucd ole ent iotoay avon jgnotilieie al Jew ve iuetih saber 2) og blow 
; : 
ists 4) i) Ohis~yue tad ol iti dinponeere sae 


nousotibiln givieh walegloe 


. gizrtuni- ot aot 


atied polhioulé ty Poste 


~ 
tel H : POL ich Gf) &) BY ova | hfbdsag Mees yf aes WAL: ita. irate Ae ah . 


tt. . . cunicrsaie! ott vel bo agafint oupeudtoen seed) 2es00n} Bate = 
; i! - j i ‘ yiaeest 
: iw j : +9 i 310 en @ 4 ean ff iiwy has Via wit aha hen _ 


ad OO PN) Jo vite vitlenitg onbleits sag ese loais ilk 
ean ; , ont argnen) .of Ce oF afey wg fegis i Awl mi aay iv 268 Kit 
Hovis lo Names ott detroit ne Seto nommunmiioose 4; 


mo oft 1o lamang cuinlise ofl teawerost a eavitpghaqodeatod sil hae heeaessb call 


vl’ hho i le 4 .. i * a9 

add immnautt "" agtesl4 ah al mete do fieome oer ity same 
_ : 4 ] hag rh eli Mitke t trey , Pere. oes omy JE SREY vovral ie 
. 7 ive ad 


ei vonieo od in veeiat oeuer el iad ot dotte «foe ne coe ee 


| 7 ‘ bee le 
Sood 24078 1OWOoTBN wy Hew emer fal) wel oi hey Comereborsay, ol 1 TSaRE 


ae Pree 
ote i; domircah Sbivitip oh Ol 2h to OLee BVP nf nical Rupe Ballk ead ed 


Ti 2a In ‘autetts & tear oll ovig WT amt; OVAL at * 
Fj y S A 

Ww) i) poAaNS io) over daha iA jaw Wm © alert o| blew. lidwe > 
winetio op aoithba al 6 - “Sdathlow ba bate att en miptiecgrany "ey grnuleitia to toftts a 
us 7) 
r ’ ¢ > 
s bnuduq « ane oF uede wedd tad pega aohetbiomeds gaiblew Sat 


es 
= 

= 

} 

° 

nn 


; jain tow a to eelhsquig Iysimmdasan 


| s . 
oh nwo Sand bre ow oi hi doar, Hive Yates TF ar erat getibaladsle Nia Te 









ai uf? 
ne) 3 
> Ss 


: ; 
} 


7 roar 


as a solid solution, much of this available oxygen will then form with manganese and silicon from 
21-25 


the consumable according to the following, 
Si+20 > SiO» 
2Mn+20 > 2MnO 


As the weld metal cools, silicon and manganese oxides precipitate out of the weld metal and into 
the slag. The remaining oxygen forms oxides thereby increasing the amount of inclusions which 
provide nucleation sites at the grain boundaries for the formation of proeutectoid ferrite. As a 


result, the weld metal will exhibit decreased toughness’. 


Ar+ 20% CO, 





-40 Sollee —20 =G 


Fig. 8: Shielding gas effect on Charpy V-notch impact toughness” 


Addition of argon to the shielding gas has a positive influence on arc stability, decreases the 
amount of oxygen found in the weld metal, lowers the volume of grain boundary ferrite, and 
promotes the formation of acicular ferrite, thus improving toughness.**** Due to the lower 
oxygen content the amount of manganese and silicon content in the weld metal increases with an 


increasing amount of argon in the shielding gas.””** 


This addition of argon also reduces the 
penetration and changes the penetration profile to be finger-like. At higher amounts of argon, the 


resulting weld will become increasingly narrow at the base and the penetration will be reduced. 
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Many flux-cored consumables contain additions to the flux in order to facilitate arc stability when 
used with 100% CO. Due to the microstructural changes between different consumables of the 
same classification with changing argon percentages, this study focused on welding with 100% 
CO,. This is also the primary shielding gas used with flux-cored electrodes due to the cost 


savings when compared with the higher priced Ar/CO, blends. 


2.2.5 The Heat Affected Zone 


The heat affected zone, or “HAZ”, is the region of the base metal adjacent to the weld metal 
deposited in which a change in the microstructure or mechanical properties has occurred as a 
result of welding. This area is of great concern as the base metal has undergone a series of rolling 
operations and carefully controlled heat treatments to obtain the mechanical properties required 
by the specification to which it conforms. While peak temperatures reaching only as high as 
100°C can have an affect on the mechanical properties of the base metal, significant changes 
occur within the coarse grain HAZ and the fine grain HAZ where the peak temperatures reached 
are generally much higher.’ The coarse grain HAZ is the most visibly changed area as the peak 
temperature reached is just lower than the melting point of the metal at the fusion line and 
reduces as you move away from the fusion line. High peak temperatures-promote austenite grain 
growth, which will result in larger ferrite grains on cooling. The coarse grain HAZ is known to 
be the part of the HAZ that often exhibits the greatest increase in tensile strength and greatest 


decrease in fracture toughness. 





Fig. 9: Weld metal with heat affected zone 


Due to the short time it takes for the energy to be transferred to the base metal, structural 
segregations that exist within the microstructure may retain their composition after cooling.’ The 
primary concern in this area is the amount of grain coarsening and the speed in which the heat is 
dissipated. If the Atg.s is low, a martinsitic or bainitic microstructure may result as seen in Figure 


7. The change that occurs in this region is very dependant on the alloying elements present in the 
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steel and the condition of the microstructure prior to welding. The HAZ is generally regarded as 
the critical area that should be investigated for a decrease in impact properties due to the 
unknown result of welding on the material microstructure. With the increasing demand for steel 
from the international market, most steels used in the structural steel industry are produced for 
conformance to many different grades and the impact properties of the material is often much 
greater than that required for structural applications. Figure 10 shows the impact test results of 
100 plates provided to conform to CSA G40.20/40.21, 350WT Cat. 4 (impact testing requires 27J 
at -45°C) ranging in thickness from 20mm to 38mm. As can be seen, the probability that the 
impact toughness far exceeds that required is great. For this reason, the material being used 
should be evaluated prior to determining the weld procedure as the toughness reduction in the 


HAZ may not be a primary concern due to the high initial toughness of the base material. 
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Fig. 10: Normal distribution for Charpy V-notch impact energies of 
CSA G40.21 350WT Cat. 4 plate 
2.3 Fracture 


Materials used in steel construction are chosen by the designer to handle the specified loads and 
resist fracture. Structural design codes provide a framework for avoiding failure by analyzing the 
forces present and select the material shapes and sizes to resist these forces.’ Occasionally, 
however, fracture is inevitable despite designing within the code requirements and a material 


must be chosen in which the behavior of that metal can be predicted for the specific application. 
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In all cases, brittle failure must be avoided. Much of the information needed can be found from a 
simple tensile test of the material, where the yield strength, tensile strength, and ductility can be 
determined, forming the basis of most standard design criteria. While design standards often give 
load resisting properties for various material section sizes, taking into account the statistical 
probability of variations in the material dimensions and mechanical properties, they do not 
account for possible stress concentrations that may result in a crack propagating through a 


component. 


Unfortunately, most design codes consider that material response to loading or, in some cases, 
overloading will be ductile in nature and will not act in a brittle manner. Advances in material 
processing have enabled the designer to rely on structural grade steels to be supplied with a 
limited number of inclusions or defects that may prove harmful to a structure. The primary 
concern, rather, is the fabrication of the steel sections into useable structural members. It is in 
this processing phase that the steel undergoes rework, creating flaws that may not be tolerated in 
the design due to the increased stress levels associated with the flaw. While manufacturing codes 
and standards impose quality control measures that reduce the chances of detrimental flaws 
existing in a structural member, critical components need to be more carefully examined and 


fracture mechanics considered. 


2.3.1 Fracture Toughness 


The fracture toughness of a material is its resistance to the advancement of a crack. When a 
defect in the form of a notch or a crack exists within or on the surface of a material, the resulting 
stresses in the vicinity of this defect far exceed those experienced throughout the rest of the 
material. Fracture toughness may be defined in different manners depending on the stress-strain 
response of the material. If the material acts in an elastic manner, linear elastic fracture 
mechanics, LEFM, principles govern. In most cases the steel used in structural applications 
exhibit plastic deformation at the crack tip and elastic-plastic fracture mechanics, EPFM, may be 
used to evaluate a materials response to crack initiation and propagation.” 

In LEFM a stress intensity factor, K, is used in quantifying the magnitude of the local crack tip 


stresses as illustrated in Figure 11. 
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LEADING EDGE 
OF THE CRACK 


Fig. 11: Stress components ahead of a crack” 


If the component is thin the material will be allowed to move in the Z direction and 67 ~ 0 thus 
creating a plane stress condition. If the component is sufficiently thick, a plane strain condition 
will exist where the movement in the Z direction is constrained creating a triaxial state of stress at 


the crack tip. Plane strain is more severe than plane stress and is the governing condition. 


There are three different loading modes that affect the propagation of a crack. 


Mode I: Opening (tension) Mode II: In-plane shear Mode III: Out-of-plane shear 


Fig. 12: Crack Tip Loading Modes 
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The most commonly seen single loading case is mode I where the crack is opened as the load is 
applied normal to the crack plane. The stress intensity factor for mode I loading can be 


determined for the loading and geometry by: 
K i Bo ~ 71a 


Once a material in plane strain mode I loading experiences a combination of stress and flaw size 
that creates unstable fracture, the critical stress intensity, Kjc, has been reached. The critical K 


value will be higher in the case of plane stress and is denoted as Ke. 


In EPFM, a plastic zone immediately ahead of the crack is considered and the resulting resistance 
to crack propagation is increased. As the crack tip experiences both elastic and plastic 
deformation, the fracture parameter must now take these two stress-strain responses into 
consideration. Both the J contour integral and the crack-tip-opening displacement, CTOD, are 


used to quantify crack tip conditions in EPFM. 


Generally, a materials stress-strain curve will follow the Ramberg-Osgood relationship where 


pe pees 
EF el pl 


Using this relationship, the J contour integral can be broken down into an elastic and a plastic 


portion where: 


In 1961 an alternative method was presented for quantifying the elastic-plastic response at the 
crack tip of a material as it was noticed that the opening at the crack tip (caused by blunting) 
increased with the increased fracture toughness of the material.”” It was proposed that the fracture 
behavior could be related to the amount of crack tip blunting a material has experienced at the 


exact moment of fracture, known as the crack-tip opening displacement. This idea has been 
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further developed to show a relationship between the crack opening at the mouth, COD, and the 
CTOD. 


hal o 





S52 
2a 


] 
2a CTOD = COD| 1-~ 
Figure 13: Crack opening displacement test and inferred CTOD” 


Since this discovery, a mathematical relationship has been developed relating the CTOD to both 


the K and J parameters. 





(LEFM) 





(EPFM) 
ys 


Many standardized test methods have been developed to quantify the fracture toughness of a 
material by various internationally recognized organizations. The American Society for Testing 
and Materials (ASTM), the British Standards Institute (BSI), and the International Institute of 
Standards are a few of the world-renowned organizations that publish such standards. Within the 
ASTM standards there are many different test configurations that are permitted for use with 


relation to a specific standard. 
ASTM standard E1820-01, Standard Test Method for Measurement of Fracture Toughness, 


provides methods to evaluate K, J, and CTOD for metals from a load-displacement record. This 


standard gives the user the option of using different test specimen configurations, all of which 
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have been pre-cracked through cyclic loading to ensure that the specimen contains a reasonable 
representation of a naturally occurring crack. Once the specimen is loaded, stable crack 
propagation should commence giving what is known as an R-curve showing the relationship 
between fracture toughness and crack extension. If the crack reaches the point where unstable 
crack extension occurs, the point value at this instance is considered to be the fracture toughness 
of the material. While testing directly for K, J, or CTOD parameters is the most accurate way to 
characterize a material’s response to an advancing crack, this testing is very costly due to the 
large specimen size and the number of variables that need to be satisfied to produce accurate data. 
If the original testing shows that the dimensional criterion is not met, the test must be repeated 


until the criterion is met. 


2.3.2 Charpy V-Notch Impact Test 


The Charpy V-notch test, developed in the early 1900’s, was used to correlate static and dynamic 
test results for materials.” During World War II a large number of U.S. Navy ships, the Liberty 
ships, were developing large cracks in their hull. Many of these fractured locations were found to 
start at an area where a notch existed due to design and fabrication methods, but it was found that 
the crack would, in some cases, arrest in members that showed an incréase in Charpy V-notch 
impact energies and a decrease in the transition temperature of the metal.2°°?. The U.S. National 
Bureau of Standards Report, 1948, established that the transition temperature of the metals 
corresponded with a minimum 27 Joules (15 ft.lbs) Charpy V-notch impact test result? This 
value is still used extensively as the minimum impact requirement for structural steels in most 
applications. Gross has since found that the energy absorbed in a Charpy V-notch test 
corresponding to the transition temperature increases with increasing yield strength of the metal.!® 
For this reason, many of the standards relating to material requirements call for increasing impact 
energies with increasing yield strengths as can be found in the Canadian Standards Association 
G40.21 and AWS D1.5.°°*8 The Charpy V-notch impact test, while used frequently because of 
the speed and low expense in which testing can be carried out, has some limitations when used to 
evaluate the fracture response of metals. The specimen size, standardized under ASTM E23-02A, 
Standard Test Methods for Notched Bar Impact Testing of Metallic Materials, has the dimensions 
of 10mm x 10mm x 55mm long. This places the material in a condition of plane stress whereby 
the specimen is not thick enough to preclude lateral shrinkage thereby inducing only a biaxial 
state of stress at the crack tip. For this reason, a crack in the same material that is much larger in 


size will experience a triaxial state of stress at a crack tip and will propagate at lower stresses. 
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Secondly, the Charpy V-notch test involves machining a groove into the specimen resulting in a 
blunt notch rather than a crack. The test results are dependant on the individual laboratories 
equipment for creating this notch and the resulting radius at the crack tip may vary from one 
laboratory to another. Finally, the test method used involves striking the sample with a swinging 
pendulum causing fast fracture. The results will vary significantly with those seen when the load 
is applied slowly under quasistatic conditions as in the test to determine K, J, or the CTOD.””*”*> 
Because of these inconsistencies in test methods, numerous studies have been undertaken to 
develop a relationship between the information obtained in a fracture toughness test and that 


obtained in a Charpy V-notch test. 


Specimen | 


10x10 55 mm | 

= 

235 

7 ] 

Striking edge | 
of pendulum 


Fig. 14: Charpy V-notch general testing configuration”® 


The Charpy V-notch data may be divided into three distinct regions, the lower shelf, the transition 
region, and the upper shelf. The mathematical relationships developed between Charpy V-notch 
data and fracture toughness parameters depend on the region within the data that the 


corresponding fracture toughness is desired. 


Upper Shelf 






Transition Region 


Absorbed Energy 


Lower Shelf 





Temperature 


Fig. 15: Typical Charpy V-notch test behavior for structural steels 
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It has been shown that the transition region in the Charpy V-notch data occurs in the same 
temperature range as that found from testing the impact plane-strain fracture toughness, Kyp.°” 
Testing to determine Kyp requires an increase in the loading rate used when testing for Kjc. 
ASTM E1820-01 requires a loading rate that results in the maximum load being obtained in 0.1 — 
10 minutes for determination of Kjc. When testing for the impact fracture toughness, this loading 


rate is increased significantly shifting the test data to the right.”” 


SLOW - BEND 


TRANSITION - 
TEMPERATURE 


TEMPERATURE 
SHIFT IH 
RANGE 


CVH ABSORBED EHERGY ———* 


ENERGY LEYEL AT 
WHICH TEMPERATURE 
SHIFT IF MEASURED 





TEST TEMPERATURE ——» 


Fig. 16: Effect of strain rate on Charpy V-notch impact data’*® 


Barsom and Rolfe have found that a dynamic impact plane strain, Kyp, must first be calculated 
from the CVN data and then a shift in temperature calculated at which this result also represents 
the Kjc values.”” This method has been shown to allow conversion from CVN data to Kjc data in 


the transition region for steels with a yield strength between 36 — 140 ksi (248 — 965 MPa). 


2 
(Sol _5.CVN (ft-lbs) 


eee \=215—4 -50,, (ksi) 


British Standard BS 7910:1999 uses the following correlation for predicting the material 
toughness measured by the stress intensity factor from CVN data in the lower shelf and transition 


region.*® 


kK. N/ ye 820,/CVN(J) —1,420 eet 
“7mm B’4(mm) 
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2.3.3. Application of Charpy V-Notch Test Results 


Many steel fabrication codes give acceptance / rejection criteria for flaws in either the base 
material or the welds according to whether the loading condition is static or dynamic, tensile or 


compressive.*°*?’ 


These values are given in terms of physical size for inspection using 
radiography, or by the reflection of acoustic frequencies when using ultrasonic testing. These 
acceptance criteria, however, are general in nature and are usually conservative. Use of steels 
with improved fracture toughness and special loading conditions, whether more or less severe, 
can change the applicability of the allowed flaw size. To determine the required fracture 
toughness for a structure or whether an existing flaw will be deleterious to a structure, an 
engineering assessment may be performed. British Standard BS 7910:1999, Guide on Methods 
for Assessing the Acceptability of Flaws in Metallic Structures, requires that the engineer 
calculate loading conditions for the structure and subject these to factors in the design that create 
stress concentrations as well as fabrication and erection tolerances that also contribute to 
increasing local stresses. For weld zones, residual stresses must also be considered, as these lead 
to an increase in the local stresses around a welded joint. BS 7910:1999 allows for differing 
levels of detail by providing three levels of assessment that correspond with the reliability of the 
data entered. If the material properties are based on the material specifications or from testing 
other similar samples, giving typical results, possible errors in this input must be taken into 
consideration and the resulting acceptance level will be more stringent to account for the 
uncertainty. In addition to this, the degree to which an existing flaw can be evaluated with 
regards to orientation and size also has an effect on the reliability of the input data. Once an 
assessment level has been determined as outlined in the Standard, the engineer may calculate the 
stress intensity factor, K. This may then be used to determine the required impact toughness of 
the material, as determined through Charpy V-notch testing, by using the rudimentary 


relationship as given in the previous section. 
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3.0 MATERIALS AND EXPERIMENTAL PROCEDURE 


The present investigation is designed to study the effects of varying the heat input on the 
microstructure and Charpy V-notch impact properties of the weld metal. Maintaining a consistent 
travel speed and changing the current and voltage is used to vary the heat input. The test samples 
were allowed to cool below 100°C prior to welding the subsequent pass. After welding at three 
different heat inputs, the samples underwent a Charpy V-notch test, were examined 
macroscopically and microscopically, and were tested for hardness in the different zones. A 
larger wire size, from the same manufacturer, was then tested to determine if there was a 
significant difference in the impact testing results and to allow the heat input to increase further 
than that possible with the first wire size. The two welding wires underwent an all-weld-metal 
chemical analysis to ensure that the effect of varying alloying elements could be accounted for in 
deciphering the data. Charpy V-notch impact tests were performed on all samples at three 


different temperatures located near the transition temperature of the weld metal. 


3.1 Welding Equipment 


The welding power source used was a Lincoln DC-600, 3 phase CC/CV welding machine capable 
of 600 amps at 100% duty cycle. The wire feeder used was a 4-drive roll type to ensure 
consistent feed rates. The welding gun was placed on an automated travel carriage to allow 
steady arc travel and a consistent travel time. Power output readings were taken by a Amprobe 
ACDC 3000 ammeter . The current was found to vary from that shown on the power source by 
up to +5%, which was deemed acceptable. The voltage was taken at the arc to eliminate any 


losses due to connections and the power cables. 


5.2 Welding Consumables 


FCAW welding wire classified as AWS A5.20, E70T-1, -9 in both 1.6mm diameter and 2.4mm 
diameter, is used. The results of a chemical analysis completed on both wires according to 
ASTM E1019-02, E1097-97, and E1479-99 is contained in Appendix A. The shielding gas for 


the chemical analysis test and the present test was 100% COp. 
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3.3 Base Metal 


The base metal consists of 2 - 25mm plates, each cut 300mm long x 150mm wide. A single-vee 
weld joint with a 30° included angle, no land, and a 10mm root opening on a 10mm steel backing 
bar was used. The plate was tested in accordance with CSA G40.20/40.21 Grade 350WT Cat. 4. 


The chemical composition is contained in Appendix A. 


3.4 Welding Data 


The parameters of each test run were recorded and are contained in Appendix B. 


3.5 Charpy V-Notch testing 


The Charpy V-notch test was conducted using a pendulum type machine. Sample preparation 
and testing was in accordance with ASTM E23-02a using a full size, 10mm x 10mm x 55mm 
sample, with a machined notch 2mm deep at a 45° included angle and a tip radius of 0.25mm. 
Impact data was obtained with the notch at the centerline of the weld metal as shown in Appendix 
C. 


All welding conditions were impact tested using 3 samples at 3 different temperatures, -34°C 


(-30°F), -40°C (-40°F), and -46°C (-50°F). 


3.6 Metallography 


Appendix D contains both the macrostructures and microstructures from each of the plates 
welded with the 1.6mm welding wire. The macrostructures are obtained by surface grinding with 
a 600 um surface grinder and etching with a 10% Nital mixture. The microstructural evaluation 
is performed after surface polishing with a diamond paste polisher and etching with a 2% Nital 
mixture. A picral etch is performed using 10% picric acid in order to observe any secondary 


phases present. 
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4.0 RESULTS AND DISCUSSION 


It was observed that the lowest heat input for the 1.6mm wire gives the worst impact test results 
for all temperatures. The highest heat input when welding on the 25mm plate, however, gives the 
best results at the two lower temperatures and only a slightly lower result than the intermediate 
heat input at the -34°C test temperature. When the interpass temperature was not controlled, the 
impact values at a heat input of 2.0 kJ/mm decreased slightly from those obtained when the 
interpass temperature was controlled, but still outperformed the toughness of the weld made at a 


heat input of 1.5 kJ/mm. 


When comparing these results with those obtained from the larger 2.4mm wire it is seen that at 
the same heat input, the impact test results vary. Ata heat input of 1.5 kJ/mm the 2.4mm wire is 
seen to have the best impact properties for the -34°C and -46°C temperatures, but drops 
significantly at the -40°C test temperature. A heat input of 2.6 kJ/mm does not drop as rapidly as 
the other two test cases but seems to maintain a linear drop from the highest to lowest 
temperature. The heat input of 2.0 kJ/mm gave the worst result for the 2.4mm wire while this 
heat input gave the best result for the 1.6mm wire. In addition to the results mentioned above, 
there is no reliable trend indicating whether the 1.6mm diameter wire el produce better Charpy 
V-notch impact test values than the 2.4mm wire. The 2.4mm wire provides significantly 
improved impact toughness at the -34°C and -46°C temperatures but is equal at the -40°C 
temperature when welding at a heat input of 1.5 kJ/mm. At a heat input of 2.0 kJ/mm the 


opposite is seen and the 1.6mm wire shows improved toughness values at all temperatures. 


The trends within each test group generally show a decrease of impact energy with the decrease 
of testing temperature. Some scatter, however, does exist, which is consistent with the results 
obtained from Charpy V-notch testing of weld metal and may also be attributed to the notch 
location within the different microstructures. As can be seen from the macrostructures and 
microstructures a small difference in notch location can result in testing an area in which a 
completely different microstructure is prevalent. The theory enabling prediction of primary 
microstructures of welds is well established and shows definite trends relating microstructure to 
toughness.***? During multipass welding a portion of the previous weld pass is reheated and may 
undergo microstructural transformations which rely on the peak temperature reached and cooling 
rate. The region that is affected by subsequent weld passes may only be tempered, annealed or, if 


the temperature is sufficient, this region of weld metal may be re-austenitized.°’ It has been 
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found that this reheated area can have significantly varying toughness results depending on the 
microstructural changes that occur for which many theories have attempted to predict.°°4!74 
Changes in the primary weld microstructure may include grain coarsening, a decrease in defect 


density, and precipitation of carbides.*! 


Due to the inability of easily predicting the reaction of 
the primary weld metal microstructure to the subsequent heat input, the resulting mechanical 


properties are determined from empirical testing. 


The macrostructures for the 1.6mm wire are presented in Appendix D showing the pass / layer 
sequence and the various zones that are created within a weld. The heat affected zone is evident 
in all welds as are the areas showing primary weld metal and reheat zones created from 
subsequent weld passes. The reheat zone in the weld completed with a heat input of 2.0 kJ/mm is 
the most prominent as the peak temperature would have been the greatest in this weld. The reheat 
zone in the lowest heat input weld, 1.0 kJ/mm, is the least prominent as the peak temperature 
would have been the smallest in this weld. When evaluating the hardness test results, found in 
Appendix E, it is seen that the hardness of the reheated area is less than that of the primary weld 
microstructure. The resulting impact results are therefore dependant on both the microstructure in 
the primary weld metal as well as the reheat zone. These microstructures are a direct result of 
peak temperature reached in the primary metal, cooling rate of the primary weld metal, peak 
temperature reached due to subsequent weld passes, and the cooling rate of the reheat zone. The 
following explanation can be hypothesized from this reasoning. At a low heat input of 1.0 kJ/mm 
the resulting weld is composed mostly of primary weld metal as the peak temperature is not very 
high and the relative amount of reheat zone is minimal. The cooling rate resulting from this heat 
input is not sufficient enough to produce a martensitic microstructure, as can be seen from the 
low hardness values obtained from the weld metal. The toughness results show that the resulting 
weld has adequate toughness. When the heat input is increased to 1.5 kJ/mm, the resulting reheat 
zone is still not large enough to sufficiently offset the reduction in toughness due to the resulting 
grain coarsening of the primary weld metal microstructure. This results in a weld metal with 
reduced toughness from that seen when welding at a heat input of 1.0 kJ/mm. When the heat 
input is further increased to 2.0 kJ/mm, the resulting reheat zone of the weld increased 
considerably in volume fraction of the weld joint as can be seen in the macrostructure of the weld. 
This increase in reheated area resulted in an increase in toughness as seen with the Charpy V- 
notch test. When the interpass temperature is not controlled, the amount of annealed weld metal 
is increased, resulting in a decrease in toughness from that seen when the interpass temperature is 


controlled at a maximum value of 100°C prior to putting any subsequent weld passes. This 
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annealing effect also creates a more homogeneous microstructure throughout the weld zone 


resulting in a decrease in the scatter commonly found from Charpy V-notch testing.” 


Appendix D contains the microstructures of the welds made with the 1.6mm electrode. The 
microstructure of the weld metal deposited with a heat input of 1.0 kJ/mm shows a relatively fine- 
grained structure of polygonal ferrite with acicular ferrite. The picral etch shows unaligned 
secondary phases. At the higher heat input of 1.5 kJ/mm the there are more concentrated regions 
of ferrite with coarse acicular ferrite. More secondary phases are also present than at the lower 
heat input as seen with the picral etch. The highest heat input of 2.0 kJ/mm produced a 
microstructure with acicular ferrite and less polygonal ferrite which is more finely dispersed. 
Grain coarsening can be seen in the welded joint as the heat input increased and where the 


interpass temperature was not controlled. 
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5.0 CONCLUSIONS 


As can be seen from the results of the impact testing, presented in Appendix C, no clear trend is 
available to help predict weld metal toughness behavior at different heat inputs. The Charpy V- 
notch data gathered from the testing of the different wire sizes at the varying temperatures does 
not provide results showing a decrease in Charpy V-notch results with an increase of heat input. 
This relationship has typically been observed in other similar studies.“““° When viewing the 
microstructures, however, it is seen that the impact toughness results correlate with the 
microstructures present in the weld metal. In addition to this, the different impact test results 
between the 1.6mm wire and the 2.4mm wire can be, in part, attributed to the notch location with 
respect to the pass/layer sequence. As was explained earlier, the current density with a smaller 
wire size will allow more metal to be deposited at the same heat input as a larger wire size. This 
will change the location of the untempered and reheat zones in the weld metal. For this reason, 
the test may be optimized by creating a pass/layer sequence that will give the optimum toughness 
at the region in which the notch is made for toughness testing. It must be noted that the resulting 


Charpy V-notch values will not be indicative of the entire weld zone. 


The use of Charpy V-notch results at one set of parameters or heat input does not guarantee that 
the results will follow any clear trend to another heat input whether greater or smaller. It is a 
requirement of AWS D1.1, Structural Welding Code — Steel, that procedures qualified to produce 
certain Charpy V-notch impact values are still valid if the heat input is reduced but not increased. 
It is a requirement of AWS D1.5, Bridge Welding Code, that the heat input must not be increased 
by more than 10% or decreased by more than 30%. As was shown in this study, a reduction in 
heat input cannot be relied upon to maintain a minimum toughness level when the weld is made 
in multiple passes/layers. The degree of reaustenitization must be taken into consideration as this 
will change when the heat input is decreased and the degree of grain coarsening must be 


controlled. 


The well known relationship between heat input and the amount of grain coarsening in the heat 
affected zone can be seen from the microstructures in Appendix F. It has been well documented 
that at a higher heat input, the HAZ will exhibit reduced toughness. For this reason, the material 
being welded must be evaluated prior to welding in order to determine whether there is a reason 
for concern if the heat input is increased. With the increase on demand of the steel mills material 


is being produced in mass quantities to enable use in a wide range of applications where the 
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toughness requirements may be much greater than that required by the structural steel industry. 
Figure 10 shows the wide range of toughness values achieved from material certified in 
accordance with producing Charpy V-notch values of 27 Joules at -45°C. Where the toughness of 
the material being used is many times greater than that required, it is most likely that this will not 
be the limiting factor when developing a weld procedure at a reasonable heat input. The specific 
material must be examined prior to determining the weld procedures to be used and the area that 
will most likely cause the greatest concern. Despite this, toughness testing of the HAZ should be 
carried out to ensure that steps taken to improve the toughness of the weld metal has not 


decreased the toughness in the HAZ to a dangerously low level. 
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6.0 FUTURE WORK 


The work done in this study shows that conventional knowledge regarding primary weld zones 
cannot be relied upon in producing the best resulting weld when multiple passes/layers are used. 
Further work needs to be done to help predict the resulting microstructures and their volume 
fraction in multipass welding. Determining peak temperatures and cooling rates from subsequent 
welding passes at set heat input values, preheat and interpass temperatures, as well as material 
thicknesses, will help further the knowledge in this area. Due to the effect that alloying elements 
have on the resulting microstructure, however, the results from such tests would most likely be 


constrained to a very limited number of cases. 
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APPENDIX A 


Material Chemical Compositions 
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Weld Metal Chemical Analysis 
1.6mm E70T-1, -9, S/N 63059, 100% CO, shielding gas 


Total Carbon 0.028 % 
Manganese iS a6 
Phosphorus <0.01 % 
Sulphur 0.006 % 
Silicon Oo TE % 


2.4mm E70T-1, -9, S/N 62831, 100% CO, shielding gas 


Total Carbon 0.029 % 
Manganese eS) es 
Phosphorous <0.01 % 
Sulphur 0.007 % 
Silicon 0.49 % 


Base material test data 


25mm plate, CSA-G40.21-98 Grade 350WT CAT 4. 
Supplied by Stelco Hamilton 


Heat number 870164 


Chemical analysis 


Carbon Weilee 
Manganese ee V6 
Phosphorous O11 5 
Sulphur 0.003 % 
Silicon 030 % 
Copper 0.015 % 
Nickel 0.19 % 
Chromium 0.022 % 
Molybdenum 0.004 % 
Vanadium 0.006 % 
Columbium 0.020 % 
Titanium 0.008 % 
Tin 0.002 % 
Soluble Aluminum 0.035 % 
Mechanical Testing 
Yield Strength 453 MPa 
Tensile Strength 574 MPa 
% Elongation oD 


Sample 2 139 Joules 


Charpy V-notch data at -45°C: Sample 1 149 Joules 
i Ave = 149 Joules 
Sample 3 158 Joules 
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APPENDIX B 


Welding Data 
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Plate Travel 
Thickness perage | Voltage 
(mm/sec) | (m*/hr.) 


350 28.5 





Table B1: Welding Data 
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APPENDIX C 


Charpy V-Notch Data 
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Fig. Cl: Charpy V-notch specimen location 
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Table C1: CVN Impact Data (Joules) 
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Fig C3: CVN Impact Values (Joules) for 2.4mm Welding Wire 
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sae = 1.49 kJ/mm 4:9 
—4— 2.03 kJ/mm 
45.0 
—e@ 2.03 KJ/mm (no 
max interpass) 42.6 
40.0 
36.8 
35.0 + 
30.0 | 27.9 
25.0 4 
23.9 
| 22:5 
20.0 2163 
19.6 
15.0 
10.0 T | ts T 1 
; -50 -45 -40 -35 -30 
Temperature (deg. C) 
Fig C2: CVN Impact Values (Joules) for 1.6mm Welding Wire 
55:08 
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APPENDIX D 


Metallography 
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Figure D1: Specimen 5, Macrostructure, 2% Nital Etch 
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Figure D3: Specimen 5, Untempered Weld Metal, Picral Etch, 400x Magnification 


D4: Specimen 5, Weld Metal Reheat Zone, Picral Etch, 400x Magnification 
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Figure D5: Specimen 6, Macrostructure, % Nital Etch 
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Sh 2% Nital Etch, 400x Magnification 
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Figure D7: Specimen 6, Untempered Weld Metal, Picral Etch, 400x Magnification 






Figure D8: Specimen 6, Weld Metal Reheat Zone, Picral Etch, 400x Magnification 
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igure D12: Specimen 7, Weld Metal 


Reheat Z ne, Picral Etch, 400x Magnification 
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APPENDIX E 


Hardness Testing 
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Heat Input ee Reheat zone Fusion line Imm from 
__ fusion line 










2.03 kJ/mm 


2.03 kJ/mm* 


* No maximum interpass temperature was observed 





The base material had an average hardness of 181 HV10 


Table El: Hardness testing of samples 5-10 — Vickers test, 10 Kg load 
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APPENDIX F 


Heat Affected Zone Microstructures 


ae 


19 





| ~ Peter | 
aytn lower gies tractive emt Ps) 











Figure F1: Specimen 5, HAZ Microstructure, 2% Nital Etch, 400X Magnification 


Figure F2: Specimen 6, HAZ Microstructure, 2% Nital Etch, 400X Magnification 
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Figure F4: Specimen 10, HAZ Microstructure, 2% Nital Etch, 400X Magnification 
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